New genes arise through a variety of mechanisms, including the duplication of existing genes and the de novo birth of genes from noncoding DNA sequences. While there are numerous examples of duplicated genes with important functional roles, the functions of de novo genes remain largely unexplored. Many newly evolved genes are expressed in the male reproductive tract, suggesting that these evolutionary innovations may provide advantages to males experiencing sexual selection. Using testis-specific RNA interference, we screened 11 putative de novo genes in Drosophila melanogaster for effects on male fertility and identified two, goddard and saturn, that are essential for spermatogenesis and sperm function. Goddard knockdown (KD) males fail to produce mature sperm, while saturn KD males produce few sperm, and these function inefficiently once transferred to females. Consistent with a de novo origin, both genes are identifiable only in Drosophila and are predicted to encode proteins with no sequence similarity to any annotated protein. However, since high levels of divergence prevented the unambiguous identification of the noncoding sequences from which each gene arose, we consider goddard and saturn to be putative de novo genes. Within Drosophila, both genes have been lost in certain lineages, but show conserved, male-specific patterns of expression in the species in which they are found. Goddard is consistently found in single-copy and evolves under purifying selection. In contrast, saturn has diversified through gene duplication and positive selection. These data suggest that de novo genes can acquire essential roles in male reproduction.
Introduction
Genomes acquire new genes through a variety of mechanisms, including gene duplication, retrotransposition, and horizontal gene transfer (Chen et al. 2013 ). While such newly evolved genes can be important for various biological processes, many function in reproduction. Gene duplication events are well documented for reproductive proteins in a range of organisms (Vacquier et al. 1997; Karn et al. 2008; Meslin et al. 2012) , with many examples in Drosophila (Saudan et al. 2002; Begun 2005, 2007; Dorus et al. 2008; Findlay et al. 2008; Sirot et al. 2014) . For instance, genes arising from duplication events are known to play roles in sperm competitive ability (Nurminsky et al. 1998; Yeh et al. 2012) , transcriptional and post-transcriptional regulation during spermatogenesis (Ding et al. 2010; Sartain et al. 2011 ) and the ability of the paternally derived chromatin to undergo proper mitotic division upon fertilization (Yasuda et al. 1995; Loppin et al. 2005) .
While gene duplication is the best-characterized process for creating new genes, emerging evidence suggests that the de novo evolution of genes from noncoding sequence may also be an important source of evolutionary innovation Carvunis et al. 2012; Silveira et al. 2013; Wissler et al. 2013; McLysaght and Hurst 2016) . Like duplicate genes, de novo genes are often expressed in reproductive tissues (Wu et al. 2011; Reinhardt et al. 2013; Palmieri et al. 2014) . One of the first such genes to be characterized was the Mus musculus gene Poldi, which is believed to encode a nonprotein-coding RNA (Heinen et al. 2009 ). Knockout of this gene caused reduced testis size and decreased sperm swimming speed. In Drosophila, 7% of the annotated protein-coding genes in the D. pseudoobscura genome lack apparent orthologs and paralogs outside of the obscura group and thus potentially arose de novo (Palmieri et al. 2014) , and nearly 250 putative de novo, testis-expressed genes were found in a sample of just six genomes drawn from a single population of D. melanogaster (Zhao et al. 2014) . Such de novo genes also have a high rate of inactivating mutations, but male-biased expression is a significant predictor of retention after gene birth (Palmieri et al. 2014) . Indeed, many other de novo genes show male-biased expression patterns ; Levine et al. 2006; Metta and Schlotterer 2008; Zhou et al. 2008; Findlay et al. 2009 ). An analogous pattern is observed in rice and Arabidopsis, in which many de novo genes are expressed in the male gametophyte (Cui et al. 2015) , and in primates, in which de novo genes are often testis-expressed (Guerzoni and McLysaght 2011; Wu et al. 2011) .
The example of Poldi shows that de novo genes can impact phenotypes even if they do not encode proteins, but many of the de novo genes discovered to date are predicted to be protein coding. For such genes to evolve, two major evolutionary changes must occur in a nongenic region: The region must become reliably transcribed, and it must come to contain an open reading frame (ORF) that encodes a biologically useful polypeptide. Models can be constructed in which either transcription or protein-coding potential evolves first (McLysaght and Guerzoni 2015; Schlotterer 2015) ; in the former case, it is possible for de novo proteins to evolve from noncoding RNAs. These changes were initially believed to be difficult to evolve, but it is becoming clear that in Drosophila melanogaster (as well as other organisms), a high fraction of the genome is transcribed in at least some individuals, organs, and/or developmental stages (Brown et al. 2014; Chen et al. 2014; Neme and Tautz 2016) . Furthermore, in D. melanogaster, there are nearly 175,000 potential ORFs in annotated intergenic or intronic regions that could encode polypeptides of >40 amino acids ). An ORF that is transcribed and translated is termed a protogene (Carvunis et al. 2012) , but the encoded polypeptide, even when biologically useful, is unlikely to arise in a fully optimized form. Indeed, data from yeast and flies suggest that de novo proteins differ from existing proteins in their length, amino acid composition, and degree of intrinsic disorder (Carvunis et al. 2012; Abrusan 2013; Zhao et al. 2014; Bitard-Feildel et al. 2015) .
Many de novo genes in Drosophila that are retained by selection are expressed specifically in the male reproductive tract (Levine et al. 2006; Zhou et al. 2008) . Kaessmann (2010) hypothesized that the requirements for transcription in the testes may be less stringent than in other tissues, and a recent analysis of two newly evolved, testis-specific retrogenes shows that the regulatory regions that induce testis expression can be quite short (Sorourian et al. 2014) . However, work in the obscura group of Drosophila has shown that the youngest putative de novo genes (found in just one species) show less of an expression bias toward males than those found in several species (Palmieri et al. 2014) . These data suggest that when a de novo gene is expressed in the testes, it has a higher chance of being retained by selection. Additionally, Zhao et al. (2014) found that sometimes only one or two nucleotide changes in the cis-regulatory region of a de novo gene separate a testis-expressed allele from a nontestis-expressed allele, implying that relatively few cis-regulatory changes would be needed for a de novo gene to become testis expressed. These studies imply that de novo genes may be well positioned to underlie lineage-specific changes in reproductive phenotypes. For example, the process of spermatogenesis may evolve rapidly between closely related species that show divergence in mating systems, levels of sperm competition, and/or patterns of sperm usage or storage (Ramm et al. 2014) . Such divergence is indeed observed between related species of Drosophila (Pitnick et al. 1999 ; Markow and O'Grady 2005; Scharer et al. 2008 ).
While putative de novo genes have been identified in many species and often expressed in male reproductive organs, their functions remain largely unexplored. Previous functional studies in D. melanogaster have relied largely on whole-organism RNA interference Reinhardt et al. 2013) , rather than targeted knockdown (KD) in the male reproductive tract. These studies found that de novo genes are often essential for fitness because they are required for viability. Analysis of nonviable KD progeny showed that, for most genes tested, the pupal-to-adult transition was the most common stage of growth arrest. While these results are interesting, their interpretation is potentially problematic for two reasons. First, recent reports suggest that $25% of the lines from the RNAi collection used in those experiments can produce a dominant, pupallethal phenotype upon ubiquitous KD, regardless of the specific gene being targeted (Green et al. 2014; Vissers et al. 2016) . Furthermore, Reinhardt et al. (2013) could not link these de novo genes' patterns of expression-many of which are expressed primarily or exclusively in the testes (Chintapalli et al. 2007 )-to the preadult viability phenotype observed in both sexes. Thus, the specific roles played by de novo genes in Drosophila male reproduction remain unknown. An additional limitation is that many genes termed de novo have not undergone fine-scale evolutionary analyses to pinpoint the exact circumstances of their origins (McLysaght and Hurst 2016; though see Reinhardt et al. 2013 for good examples of such analyses).
To circumvent these technical issues, we screened 11 putative de novo genes with testis-specific expression for functions in male reproduction using testis-specific RNA interference. We found two genes, which we named goddard and saturn, that had major effects on male fertility. KD of goddard blocked the production of mature sperm, while KD of saturn reduced sperm production and caused the sperm that were produced to be stored inefficiently in mated females. Both genes encode proteins with no detectable homology to other proteins from Drosophila and other taxa, and the proteins lack functional domains that would be consistent with membership in a gene family. These features, combined with other bioinformatic properties of the gene and protein sequences, suggest a de novo origin for each gene, though there remains some uncertainty about their origins because of difficulty in aligning the syntenic regions in nonDrosophila species. Within Drosophila, each gene is absent in a subset of species. In species that have goddard, it is present in single copy and has evolved under purifying selection. In contrast, saturn has undergone gene duplication, rearrangement, and adaptive evolution in different Drosophila lineages. Our findings suggest that sexual selection may be an important force that promotes the retention of recently born de novo genes.
Results

A Preliminary Screen for Essential De Novo Genes
Many potential de novo genes in D. melanogaster show testisbiased expression patterns (Chintapalli et al. 2007 ; Reinhardt Goddard and Saturn Genes . doi:10.1093/molbev/msx057 et al. 2013) . To investigate whether any such genes have become essential for male fertility, we conducted a preliminary RNAi screen of 11 candidate genes (supplementary fig. S1 , Supplementary Material online). These genes were identified as potential de novo genes because of their bioinformatic classification as such in a previous study and/or because, at the time of their selection, their patterns of annotated orthologs on FlyBase suggested the genes' existence in a limited subset of Drosophila species. We knocked down each gene with Bam-GAL4 (White-Cooper 2012), which drives RNAi expression in the spermatogonia and spermatocytes prior to the onset of meiosis. This preliminary screen had low power (see Materials and Methods), but it revealed two genes essential for male fertility, CG13477 and CG32141, as well as other genes with potential minor effects that await more detailed characterization (supplementary fig.  S1 , Supplementary Material online). We previously named male seminal fluid proteins essential for postmating responses after lunar modules of the Apollo space program ; we extend this convention here by naming these two new genes after icons in rocketry that were necessary for the Apollo missions. We refer to CG13477 as goddard, after Robert Goddard, the father of modern rocketry, and we denote CG32141 as saturn, after the Saturn V rocket.
MBE
Goddard and Saturn Are Required for Male Fertility through Effects on Sperm Production and Function
To characterize the fertility defects caused by goddard or saturn KD in greater detail, we first performed single-pair mating experiments using males generated with Bam-GAL4 and a variety of RNAi lines. Near-complete KD was verified by RT-PCR and occurred for all RNAi constructs described below (supplementary fig. S2 , Supplementary Material online). We initially used "KK" RNAi lines (see Materials and Methods) that knocked down each gene effectively. KD or control males were mated individually to wild-type females, and then removed. These females were allowed to lay eggs for 4 days and were then discarded. We found that KD of goddard ( fig. 1A ) caused complete male sterility, while KD of saturn (supplementary fig. S3 , Supplementary Material online) caused a significant, 90% reduction in male fertility (twosample t-test, t ¼ À8.92, df ¼ 24.6, P < 0.0001). Because a fraction of KK lines have an additional transgene insertion that causes dominant phenotypes (Green et al. 2014) , and because the KK line for saturn had two predicted off-target genes that were also expressed in the testes, we validated these results by using the available "GD" RNAi lines: One for goddard and two for saturn. These results confirmed the results of the KK lines. KD of goddard again caused complete sterility (supplementary fig. S3 , Supplementary Material online). KD of saturn with either GD line caused a significant reduction in fertility, though one GD line had a stronger effect (line 41108: Two-sample t-test, t ¼ À23.07, df ¼ 32.5, P < 0.0001; fig. 1B ) than the other (line 41107: Two-sample t-test, t ¼ À5.73, df ¼ 22.9, P < 0.0001; supplementary fig. S3 , Supplementary Material online), likely due to differences in the degree of KD (supplementary fig. S2 , Supplementary Material online). This difference in KD level could have been caused by different sites of transgene insertion and/or different sequences being used to trigger KD. We also tested the fertility of RNAi lines that targeted the genes identified as potential off-targets of the saturn KK line. We observed no significant fertility defects when each gene was knocked down with Bam-GAL4 (data not shown).
To investigate the cellular nature of the above fertility defects, we used the Mst35Bb-GFP marker (Manier et al. 2010) to label the nuclei of late-stage spermatids and individualized sperm in KD and control males. We first examined the fig. 3A ), indicating that saturn is required for efficient spermatogenesis. To evaluate whether these sperm showed normal motility, we dissected reproductive tracts from KD and control males, pierced the seminal vesicles and testes to release the sperm, and took a series of images that were made into a movie. At this resolution, we observed no qualitative difference in the motility of KD and control male sperm (supplementary videos S1 and S2, Supplementary Material online). We next evaluated the ability of saturn KD sperm to be transferred to and stored within females' reproductive tracts. KD or control males were mated to wild-type females, and females were flash frozen 30 min after the start of mating (ASM). At this time point, most sperm transferred from males are present in the female's uterus, though small numbers may have already entered the seminal receptacle (SR) and spermathecae (the two types of sperm storage organ in D. melanogaster) (Avila and Wolfner 2009; Manier et al. 2010) . We observed that KD males transferred significantly fewer sperm to females than controls ( fig. 3B ; two-sample t-test: t ¼ À6.96, df ¼ 25.1, P < 0.001). However, the difference in the number of sperm transferred between KD and control males was roughly proportional to the difference in the number of sperm in the seminal vesicles of KD and control males. A parsimonious explanation for this result is that the mechanics of sperm transfer-that is, male contractions and the motility of sperm in the male-are normal in KD males; males transfer fewer sperm because they produce fewer sperm.
Finally, we investigated the ability of KD and control male sperm to enter the SR, the primary sperm storage organ in D. melanogaster. At 1 and 2 h ASM, sperm from control males were found in the SR at typical levels, but sperm from KD males were present at significantly lower levels ( fig. 3C and D; two-sample t-tests, 1 h: t ¼ À14.82, df ¼ 14.8, P < 0.0001; 2 h: t ¼ À13.11, df ¼ 14.3, P < 0.0001). Thus, while sperm from saturn KD males were present in the uterus at $40% of the level of controls, their rate of storage-and thus their availability for fertilization-was depressed much further.
Putative De Novo Origins of Goddard and Saturn
The previous classification of goddard and saturn as potential de novo genes was based on high-throughput bioinformatic methods. To more sensitively investigate each gene's evolutionary origin, we next performed detailed evolutionary analyses. The primary criterion for defining a protein-coding gene as de novo evolved is that the gene arose from noncoding DNA sequence (McLysaght and Hurst 2016) . The most definitive evidence that satisfies this criterion is to identify the syntenic region in outgroup species that lack the gene and show that orthologous sequence is present, but does not encode an ORF. Depending on the age of the gene and the availability of genome sequences from closely related species, however, such evidence can be difficult to obtain. In such cases, a gene may be classified as putatively de novo if it encodes a protein with no sequence similarity to other proteins (McLysaght and Hurst 2016) . This lack of similarity is inconsistent with an origin via gene duplication or horizontal gene transfer, which thus implicates a de novo origin by exclusion (McLysaght and Hurst 2016) . However, it is important to note that a duplicated or horizontally transferred gene that evolves rapidly could lose detectable similarity and thus be mistakenly classified as de novo (Moyers and Zhang 2015) .
Goddard was previously identified as a de novo gene due to a lack of orthologs in divergent Drosophila species Zhang et al. 2010) . To confirm its phylogenetic distribution, we used BLAST searches of annotated proteins to identify goddard orthologs in the genomes of all melanogaster group species (D. melanogaster, simulans, sechellia, yakuba, erecta, and ananassae) and obscura group species (D. pseudoobscura and persimilis) ( fig. 4A) . In each species, goddard exists within a large intron of the well-conserved omega Goddard and Saturn Genes . doi:10.1093/molbev/msx057 MBE gene ( fig. 4B ), so we used this gene to identify the syntenic regions of more distantly related Drosophila species. No ortholog could be found in D. willistoni, because the syntenic region appears to have undergone extensive deletion and/or rearrangement. In D. virilis, the syntenic region was present, and LASTZ alignment detected three regions of microsynteny (supplementary file S1, Supplementary Material online) to D. melanogaster goddard. Inspection of this region revealed a potential ORF that could encode a polypeptide of up to 190 amino acids. While this ORF had no significant homology by BLASTP to the orthologs of goddard described above, it showed highly significant, full-length homology to a potential ORF that we detected in the syntenic region of D. mojavensis (supplementary file S1, Supplementary Material online). This D. mojavensis ORF, in turn, returned a marginal BLASTP hit to goddard of D. melanogaster (e-value ¼ 3.27). We tested for transcription of these ORFs in each species by RT-PCR using primers located in the predicted ORF. Both species showed robust amplification when cDNA from whole male flies was used as the template, but little or no amplification when whole female cDNA or cDNA from males from whom the testes had been removed by dissection were used (supplementary file S1, Supplementary Material online). Thus, these ORFs show evidence of male-and testis-enriched expression, as does goddard (Chintapalli et al. 2007; Brown et al. 2014 ). Based on their genomic position, testis-enriched expression, and marginal sequence identity, these putative genes are likely highly divergent orthologs of goddard, thus MBE confirming the importance of using methods beyond BLAST to identify the phylogenetic distribution of de novo genes (Moyers and Zhang 2015) . Finally, we found evidence of a potential goddard ortholog in the equally divergent D. grimshawi by searching for an ORF with identity to the D. virilis ORF in the syntenic region. We identified such an ORF, and while it is shorter than the D. virilis ORF, the degree of sequence identity is high (supplementary file S1, Supplementary Material online).
Given the presence of goddard in the most distantly diverged Drosophila species with sequenced genomes, we investigated the possibility that goddard exists in species outside of the Drosophila genus. Using the more highly conserved omega gene that harbors goddard, along with Exonerate searches of the goddard protein sequence against entire sequenced genomes, we searched for putative orthologs in the most closely related Dipteran species with a sequenced genome, the medfly Ceratitis capitata (Papanicolaou et al. Goddard and Saturn Genes . doi:10.1093/molbev/msx057 MBE 2016), as well as in two sequenced mosquito species, Anopheles gambiae and Aedes aegypti. Both methods failed to identify a possible goddard ortholog. The most parsimonious explanation for this pattern is that goddard arose de novo at the base of the Drosophila genus and was then lost in the D. willistoni lineage (fig. 4A ). However, because the specific intron of the omega gene that harbors goddard in Drosophila could not be aligned to any of the genomes examined, we were unable to identify a noncoding orthologous region in an outgroup species, as required by McLysaght and Hurst (2016) to demonstrate a definitive de novo origin. Thus, we describe goddard as a putative de novo gene, though we cannot completely rule out the possibility that the gene could instead be a rapidly evolving member of a novel gene family. Saturn (CG32141) was identified as a potential de novo gene because it initially had FlyBase-annotated orthologs only in the melanogaster group of species, though subsequent annotations of D. virilis identified a potential, more diverged copy. Like goddard, this gene is found within a large intron of another gene, nuclear fallout (nuf) ( fig. 4C ). We again used BLASTP to identify annotated copies of saturn in other species and used synteny to search for unrecognized orthologs. We found annotated orthologs in the melanogaster group species, as well as D. virilis and D. mojavensis. These latter orthologs were found in the same intron of the nuf gene, but their direction of transcription relative to nuf was reversed, suggesting a microinversion event ( fig. 4C ). To estimate the putative inversion breakpoints, we generated alignments of the respective nuf gene sequences using LASTZ. These alignments show a relatively close homology between the complete nuf gene sequences of D. melanogaster and both D. virilis and D. mojavensis. The genes align without major gaps from the 5 0 to the 3 0 end of nuf (supplementary fig. S4 , Supplementary Material online). This good coverage of the alignments right next to the saturn coding sequence in D. melanogaster suggests that the inversion event was mostly restricted to the saturn coding sequence. Indeed, based on the position of the syntenic blocks found immediately adjacent to the inverted region, we estimate that the inversion breakpoints were no more than 350 bp away from the start and stop codons of saturn, suggesting that relatively little regulatory sequence was captured by the inversion.
Our BLAST searches also revealed one additional annotated protein in D. virilis and D. mojavensis that showed similar levels of identity to the D. melanogaster saturn protein, suggesting that saturn underwent gene duplication in the lineage leading to these species. The paralogous copy is located within an intron of the ortholog of the D. melanogaster gene AstA-R1. The paralog contains an intron in the same position as saturn, suggesting a duplication mechanism other than retrotransposition. However, we detected no evidence of conserved upstream or downstream sequences between the two paralogs in each species, leaving the mechanism of duplication unclear. Because AstA-R1 and nuf are unrelated genes, the duplication event likely involved only the saturn gene, rather than the larger gene in which it resides. The hypothesis that gene duplication preceded speciation in this lineage ( fig. 4A) is also supported by a protein sequence tree that shows no clustering of within-species paralogs (supplementary fig. S5 , Supplementary Material online).
We did not identify orthologs of saturn in the obscura group, D. willistoni, or D. grimshawi ( fig. 4A and C) . These results are similar to those of goddard in that they suggest an origin of the saturn gene at the base of the Drosophila phylogeny, followed by gene loss events in particular lineages (in this case, three independent events). The copy of saturn within the nuf intron is likely the ancestral copy, as we detected remnants of its protein-coding sequence in this syntenic regions of D. willistoni and D. grimshawi. Interestingly, saturn is found on chromosome 3L in D. melanogaster, which corresponds to the neo-X chromosome in D. pseudoobscura and D. willistoni. If the ancestral saturn gene in these species experienced meiotic sex chromosome inactivation (Kaiser and Bachtrog 2010) after the formation of the neo-X chromosome, the consequences of gene loss may have been ameliorated.
As with goddard above, we used Exonerate and a syntenybased analysis using the nuf intron to interrogate the medfly and mosquito genomes for potential orthologs. Exonerate identified no candidate orthologs in either species. The synteny analysis using the nuf intron was possible only in medfly (supplementary fig. S6 , Supplementary Material online), since the relevant intron was not alignable to either mosquito genome. In medfly, the precise interval containing saturn had a very poor alignment quality. Scanning this region for ORFs revealed none resembling saturn. Nonetheless, because of the alignment difficulty, we conclude conservatively that saturn is a putative de novo gene. It is also possible that saturn encodes a member of a novel and rapidly evolving gene family, or that its sequence arose through the insertion of a sequence from an uncharacterized virus/mobile element, though this latter possibility was not supported by a search of known Drosophila transposable element families (J. Thomas and C. Feschotte, personal communication) . We also note that the syntenic region of the AstA1 intron that harbors the saturn paralog was not alignable to the medfly or mosquito genomes.
We next examined the sequences of goddard and saturn and the predicted biophysical properties of the proteins they encode. These analyses are largely consistent with predictions for de novo genes, but cannot positively confirm the mechanism of origination. First, neither the goddard protein nor the saturn protein shows detectable homology in either sequence-based (Marchler-Bauer et al. 2015) or predicted structure-based (Kelley et al. 2015) searches to any other annotated protein from Drosophila or any other taxa, which suggests neither belongs to a gene family or arose via horizontal gene transfer. Indeed, the most notable structural feature we could detect was a single predicted transmembrane domain in the saturn protein ( fig. 5A) .
Second, the biophysical and other sequence properties of each protein include several features that are consistent with previous studies and theoretical expectations of de novo genes. We found both goddard and saturn proteins to contain large, intrinsically disordered stretches of sequence Gubala et al. . doi:10.1093/molbev/msx057 MBE ( fig. 5A and B) . Compared with other D. melanogaster proteins, goddard and saturn exhibit high fractions of intrinsic disordered sequence (94th and 82nd percentiles, respectively; supplementary fig. S7, Supplementary Material online) . Intrinsic disorder has previously been suggested to play an important role in de novo gene emergence (Carvunis et al. 2012; Zhao et al. 2014 ). Furthermore, a previous analysis of orphan domains in Drosophila found that younger domains contain clusters of hydrophobic residues with predicted folding patterns that differ from those of clusters commonly found in evolutionarily old, globular proteins (Bitard-Feildel et al. 2015) . Applying this analysis to the goddard and saturn protein sequences, we found that most of these proteins' hydrophobic clusters were also novel: They did not match any clusters from globular proteins ( fig. 5A and B) . However, this pattern did not deviate significantly from other D. melanogaster protein-coding genes (supplementary fig. S7 , Supplementary Material online). Finally, we found that both genes show somewhat atypical patterns of hexamer usage bias patterns relative to most protein-coding genes in D. melanogaster ( fig. 5C ): Saturn's hexamer usage is in the bottom 5% of all protein-coding genes, and goddard's falls in the bottom 24%. Hexamer usage bias has previously been used to distinguish coding from noncoding sequence (Fickett and Tung 1992; Wang et al. 2013) , and genes that arose recently from noncoding sequence may be predicted to have scores that are lower than average genes, but potentially increasing with gene age. However, the evolutionary dynamics of a gene's hexamer score are as yet unclear. Specifically, it is unknown whether, and if so, how fast, the hexamer score of a de Goddard and Saturn Genes . doi:10.1093/molbev/msx057 MBE novo gene will evolve toward commonly observed levels. Consequently, a hexamer score that is somewhat divergent from the distribution of all protein-coding genes is consistent with de novo origination, but not proof of it.
Molecular Evolution
We used PAML to investigate the molecular evolution of goddard and saturn. We considered each gene's evolution across two time frames: Within the melanogaster subgroup, represented here by six species estimated to have shared a common ancestor 3-4 Ma, and within the broader melanogaster group, represented here by 15-16 species estimated to have shared a common ancestor $15 Ma (Obbard et al. 2012) . For each gene at each timescale, we estimated the overall d N /d S ratio (x) across all alignable sites (PAML model M0), and we used the PAML sites tests (comparing models M7, M8, and M8a) to identify specific residues predicted to have evolved under recurrent positive selection (Yang et al. 2000; Swanson et al. 2003) .
These tests revealed that goddard and saturn have evolved under somewhat different selective pressures. The goddard gene has evolved fairly slowly over both timescales (table 1).
The calculated x for all sites across the entire sequence (PAML model M0) was 0.21-0.25, and standard tests for positive selection on a subset of sites were nonsignificant (table 1). Within neutral model M7 and across both sets of species examined, six of the ten classes of sites had x < 0.25, suggesting that most sites in the protein have evolved under purifying selection. This result is consistent with predictions that novel genes that acquire an essential function are more likely to evolve under purifying selection (Domazet-Loso and Tautz 2003). The observations of purifying selection across all species of the melanogaster group, and of patterns of substitution that preserve the full-length ORF, are consistent with goddard encoding a protein, rather than a noncoding RNA.
In contrast, saturn has a complex evolutionary history. In addition to the gene duplication and inversion events described above, the protein-coding sequence has evolved rapidly. A protein sequence alignment for saturn showed that the N-terminal portion of the protein (amino acids 1-105 in D. melanogaster) could be aligned with high confidence across the melanogaster group (supplementary fig. S8 , Supplementary Material online), excluding D. kikkawai. In contrast, the C-terminal end of the saturn protein (amino acids 106-238 in D. melanogaster) is characterized by repetitive, disordered sequences, rapid divergence, and indel variation ( fig. 5A; supplementary fig. S8 , Supplementary Material online), which prevented confident alignment outside of the melanogaster subgroup. Interestingly, analysis of the saturn sequences by the SBP algorithm (Kosakovsky Pond et al. 2006 ) revealed evidence for a putative recombination breakpoint in the 108th codon. Because of the alignment differences and the potential confounding effect of recombination on phylogenetic inference, we thus tested for selection on the N-terminus only in both the melanogaster group and subgroup, and tested the whole gene and the C-terminus only in the melanogaster subgroup (table 2; supplementary table S1 , Supplementary Material online).
In the closely related melanogaster subgroup species, the full-length gene has a high, gene-wide x of 0.90, near the d N /d S % 1 expected for a neutrally evolving gene. Using the sites tests, we found that this high rate of evolution is driven at least in part by positive selection; selection model M8 fit the data significantly better than neutral models M7 and M8a, and nine sites in the C terminus were flagged as having a high posterior probability of having evolved adaptively. Upon partitioning the gene, the N terminus showed no evidence of positive selection and a lower, though still somewhat elevated, x value. In contrast, the C terminus gave a highly significant signal of selection, with model M8 identifying the same nine sites as being under positive selection. In the broader melanogaster group, the rate of evolution of the N terminus was further reduced, with no evidence of sites under positive selection. This finding, combined with patterns of substitutions maintaining lengthy ORFs in all Drosophila species that possess the gene (supplementary fig. S8 , Supplementary Material online), are consistent with a protein-coding gene. We could not formally test the C terminus in this group, but the difficulty of aligning this region suggests its continued, rapid evolution. This general pattern 
Conservation of Gene Expression Patterns
Given the different patterns of sequence evolution for goddard and saturn, as well as the copy number changes and inversion event for saturn, we next asked whether the expression patterns of these genes were conserved across the species in which they are found. Transcriptome profiling in D. melanogaster has shown that both genes are expressed in a testisspecific pattern in adult flies (Chintapalli et al. 2007; Brown et al. 2014 ) (supplementary fig. S9 , Supplementary Material online). RNAseq data from D. pseudoobscura (Chen et al. 2014) showed that the goddard ortholog is also expressed testis-specifically. We investigated both genes' expression patterns in additional species by performing RT-PCR on cDNA synthesized from RNA isolated from whole males or whole females. For goddard, we confirmed the gene's male-specific pattern of expression in divergent members of the melanogaster group, D. ananassae and D. ficusphila, and in D. pseudoobscura ( fig. 6A ). These data, combined with those presented above for the putative orthologs in D. virilis and D. mojavensis (supplementary file S1, Supplementary Material online), suggest that goddard has maintained male-specific expression since its origin. Likewise, saturn orthologs showed male-specific, or strongly male-biased, expression in all species tested ( fig. 6B ). Interestingly, we observed weak RT-PCR amplification for saturn in females of D. ananassae, D. ficusphila, D. virilis, and D. mojavensis. These PCR products were found in repeated biological replicates and were consistently the size of genomic DNA, rather than spliced cDNA, yet they persisted even when extra DNase was used to remove genomic DNA from the RNA samples prior to cDNA synthesis (see Materials and Methods). We thus hypothesize that saturn is transcribed at low levels in females of these species, but perhaps the lack of an appropriate sex-specific splicing factor (Telonis-Scott et al. 2009) prevents the expression of the saturn protein.
Both paralogs of saturn showed male-specific expression in D. virilis and D. mojavensis, in spite of the inversion and gene duplication events in this lineage ( fig. 6B ). To confirm that this pattern was due to expression in the testes, we compared RT-PCR amplification of cDNA isolated from whole males versus amplification of cDNA isolated from males from whom the testes had been removed by dissection. Removal of the testes resulted in the complete or near-complete removal of saturn transcripts ( fig. 6C ), confirming that saturn has retained its testis-specific expression pattern even in the face of gene duplication and inversion.
Discussion
Previous attempts to determine the functions of de novo genes in Drosophila Reinhardt et al. 2013) have used ubiquitous RNA interference. These studies found that some de novo genes are essential for adult viability, though it remains an open question whether some of these results were caused by a dominant phenotypic artifact predicted for a fraction of the RNAi lines used (Green et al. 2014) . However, even if they were not, the preadult lethality caused by ubiquitous KD prevented any investigation into how de novo genes affect adult male fertility. This question is important because of the testis-specific expression pattern shown for many de novo genes (Reinhardt et al. 2013; Palmieri et al. 2014; Zhao et al. 2014) . By using tissuerestricted KD and multiple, independent RNAi lines, we investigated whether de novo genes expressed in the testes play essential roles in male reproduction. Following the de (2016), we characterized two putative de novo genes, goddard and saturn, that are each essential for male fertility. KD of goddard blocks production of mature sperm. KD of saturn causes reduced sperm production and a decrease in the likelihood of storage of the sperm that are transferred to the female during mating. While goddard has evolved under purifying selection, saturn has evolved rapidly in species closely related to D. melanogaster and has been both inverted and duplicated in more divergent species. It will be important to determine the specific roles that goddard and saturn play during spermatogenesis. The Bam-GAL4 driver we used to knock down the genes acts primarily in the spermatogonia and spermatocytes, but not in postmeiotic stages or in somatic cells of the testis that support spermatogenesis (White-Cooper 2012). However, RNAi induced by this driver in premeiotic cells is known to persist after meiosis, as well. Microarray data on RNA isolated from mitotic, meiotic and postmeiotic cells in the testes detected transcripts from both genes throughout spermatogenesis, with slightly increased levels for each in meiotic and postmeiotic cells (Vibranovski et al. 2009 ). Thus, these proteins likely act in the germline, and not in somatic cells, but we cannot presently pinpoint the exact stage(s). In general, however, the phenotypes of male-sterile mutants are most likely to manifest at postmeiotic stages (Wakimoto et al. 2004 ). It also remains an open question whether either protein is present in mature sperm. Neither protein has been identified in the D. melanogaster sperm proteome (Wasbrough et al. 2010) , but the lack of protein detection in shotgun mass spectrometry experiments is not strong evidence of absence. Notably, while Goddard and saturn show conserved, male-specific expression across a wide range of Drosophila species. RT-PCR was performed on goddard, saturn and a housekeeping control gene, RpL32, across a variety of species to assess the sex-and tissue-specificity of expression. Goddard (A) and saturn (B) show conserved male-specific expression patterns in divergent species spanning the Drosophila genus. Template DNA for PCR included M: whole male cDNA; F: whole female cDNA; g: genomic DNA; H 2 O: water (negative control). Faint bands can be seen in the female saturn lanes of some of the species, but these bands appear to be equal in size to the gDNA product, rather than the spliced, cDNA product. The presence and sizes of these bands were confirmed in multiple biological replicates, suggesting that they represent low levels of expression of an unspliced transcript in females. (C) RT-PCR performed on cDNA isolated from whole males (M) or male carcasses after the removal of the testes (car). Removal of the testes causes the loss of transcripts of saturn and its paralog, suggesting that all or most of the male-specific expression observed for these species in panel (B) is due to expression in the testes.
Gubala et al. . doi:10.1093/molbev/msx057 MBE no direct evidence currently exists to show that either gene encodes a protein, the low estimates of d N /d S for goddard and the N-terminus of saturn (tables 1 and 2), and the observation that indels between species occur in multiples of three and thus preserve the genes' ORFs, strongly suggest that both genes encode proteins. Whether the saturn protein, in particular, is incorporated into mature sperm and/or acts locally in the testes to regulate sperm production is interesting in light of the saturn KD phenotypes affecting both sperm production and sperm storage. One possibility is that saturn has multiple functions, one affecting sperm production and the another that influences sperm traits that are necessary for the sperms' ability to be stored. However, it is also possible that saturn is present only in the testes. In this scenario, the two effects of saturn KD could be explained if the reduction of expression alters spermatogenesis such that a reduced number of suboptimally functioning sperm are produced. Further investigation of this question will be best addressed with a null allele of saturn, given that RNAi greatly reduced, but did not fully eliminate, saturn transcripts (supplementary fig. S2 , Supplementary Material online).
Due to the lack of homology to other proteins, the sequences of goddard and saturn provide few insights into their potential cellular functions. The only computationally predicted structural feature from either protein is the single potential transmembrane domain in the N-terminal portion of saturn, which is conserved across all orthologs and paralogs ( fig. 5A; supplementary fig. S8 , Supplementary Material online). We also note the high number of positively charged amino acids in the C-terminal region of saturn (e.g., 15 lysines found in amino acid positions 106-238), which are somewhat reminiscent of the lysine-and arginine-rich sperm nuclear basic proteins that contribute to the packaging of DNA in the highly condensed nucleus of mature sperm (Raja and Renkawitz-Pohl 2005; Rathke et al. 2007 ). Beyond these features, the sequences of goddard and saturn are broadly consistent with de novo origins, including their deviation from the mean hexamer frequency present in Drosophila protein coding genes and the high fraction of each protein predicted to be disordered ( fig. 5) .
While goddard and saturn have become essential for efficient sperm production in D. melanogaster, these genes arose in an ancestral species that must have already been producing functional sperm. Thus, hypotheses for how these putative de novo genes became established as bona fide genes must take into account both their initial nonessentiality and their current importance. One possibility is that each gene had a modest, but beneficial, effect on male reproduction when it was born. Even a slight positive effect on male fitness would be favored by sexual selection, allowing the gene to persist and potentially fix in an ancestral population, after which its sequence could become optimized. Other de novo genes have been observed to have this sort of modest benefit on male reproduction, such as Poldi in mice (Heinen et al. 2009 ), which appears to cause a modest increase in testis size, and the sdic gene cluster in flies (Yeh et al. 2012) , the benefit of which is seen only under sperm competitive conditions. Upon fixation, the genes would then evolve to become essential, likely by becoming integrated into existing protein interaction networks. Data from yeast suggest that de novo genes may become essential fairly quickly (Abrusan 2013) . However, in the cases of goddard and saturn, these genes have also been lost in certain lineages after their origins. One potential resolution to this discrepancy is that these genes might have been necessary in the ancestors of these species, but subsequent changes in each species' male reproductive system (e.g., Snook and Karr 1998) rendered the genes dispensable. Furthermore, both genes are found on chromosome 3L in D. melanogaster, but this Muller element has become a neo-X chromosome in some other species, including D. pseudoobscura and D. willistoni. If genes on these neo-X chromosomes undergo meiotic sex chromosome inactivation (Kaiser and Bachtrog 2010) , the consequences of deleterious mutations may be minimized, increasing the probability of gene loss. In any case, the observed pattern is consistent with a high loss probability of young genes (Palmieri et al. 2014 ).
The goddard and saturn genes show contrasting patterns of molecular evolution. Goddard is found in single copy and has evolved under purifying selection. This result is consistent with it evolving to become essential and gaining interacting partners shortly after gene birth, and with predictions that slow-evolving de novo genes are the most likely to be functionally important (Domazet-Loso and Tautz 2003). In contrast, the evolutionary history of saturn is dynamic. Two of the sequenced Drosophila species that diverged from the melanogaster group most anciently, D. virilis and D. mojavensis, now have two copies of the gene, while D. willistoni, D. grimshawi, and the obscura group species have no detectable copies. The gene's conserved, male-specific expression across species suggests that saturn continues to play some role in male reproduction in each species, but in light of the gene's rapid sequence divergence, it is possible that the orthologous copies have evolved to affect sperm production and function in their respective species in ways that differ from the effects of the D. melanogaster copy, perhaps due to differing sexual selection pressures. Furthermore, the testis-specific expression of the paralogous copies and the retention of testis-specific expression in the inverted orthologous copies suggests that only short upstream and downstream regulatory regions may be required for testis expression in Drosophila (Sorourian et al. 2014) .
We relied initially on various types of alignment search tools to identify saturn and goddard orthologs, as these methods are commonly used in studies of de novo evolved genes (Neme and Tautz 2013; McLysaght and Hurst 2016) . However, a recent study has demonstrated that, particularly for rapidly evolving genes, orthologs in distantly related species are sometimes not detected by the BLAST algorithm (Moyers and Zhang 2015) . We thus supplemented BLASTbased analyses with the concurrent examination of syntenic regions. These efforts identified potential ORFs in D. virilis, mojavensis, and grimshawi that likely represent unannotated copies of goddard. We believe the most parsimonious explanation of these ORFs is that they are true goddard orthologs, but experienced extreme divergence after goddard's likely de Goddard and Saturn Genes . doi:10.1093/molbev/msx057 MBE novo birth at the base of the Drosophila genus. The weak sequence identity detected between the translation of the D. mojavensis ORF and goddard in D. melanogaster, the conserved location in the omega intron, and the male-and testisenriched expression of both ORFs, are consistent with this interpretation. An alternative, but less parsimonious, explanation would be two independent gene births in the same location.
We also note that it is possible that one or both of these genes may be present outside of the Drosophila genus and are simply undetectable by available methods. Likewise, it is possible these genes arose through horizontal gene transfer followed by divergence, rather than from noncoding sequence, since this is another source for newly evolved genes (Chen et al. 2013) . However, no available evidence currently supports either hypothesis, and the proteins' biophysical properties are consistent with de novo origins. Additionally, independent of their exact emergence mechanism, goddard and saturn represent two novel genes in the sense that no other genes with similar sequence exist. As such, the genes represent major evolutionary innovations that raise many of the same questions as de novo gene emergence in general.
An additional feature of both goddard and saturn is their genomic locations within large introns of well-conserved genes. One intriguing possibility raised by our results is that large introns of existing genes may represent hot spots for the birth of de novo genes, but this question should be addressed through a more systematic analysis of all putative de novo genes.
Putative de novo genes encode lineage-specific, male reproductive proteins in several Drosophila species Levine et al. 2006; Findlay et al. 2009 ). RNA sequencing from the testes of several strains of the Drosophila Genetic Reference Panel suggests that de novo genes are born at a high rate in Drosophila and that numerous such genes are segregating in a current population (Zhao et al. 2014) . Comparative data from the obscura group (Palmieri et al. 2014) show that many novel genes are expressed in the male reproductive system, and such expression correlates with their retention. These data, combined with our functional analyses presented here, suggest that de novo gene evolution may be an important mechanism that underlies the rapid evolution of male reproductive traits. The continued study of de novo genes is likely to yield insight into the genetic changes that underlie male evolutionary responses to interspecific differences in the structures and molecules of the female reproductive tract (e.g., Pitnick et al. 1999; Bono et al. 2011) , changes in seminal fluid protein content (Findlay et al. 2008; Kelleher et al. 2009 ) and differences in sperm competition levels (Markow and O'Grady 2005) .
Materials and Methods
A Preliminary Screen for De Novo Genes with Major Effects on Male Fertility
To rapidly screen for potential de novo genes with major effects on male fertility, we identified 11 genes with testisenriched expression patterns (Chintapalli et al. 2007 ). All selected genes lacked identifiable protein domains and had either been denoted in a previous bioinformatic study as de novo or had, at the time of gene selection, patterns of annotated orthologs in FlyBase that suggested lineage-restriction. We obtained RNAi lines for these genes from the Vienna Drosophila RNAi Center and the Harvard Transgenic RNAi Project (TRiP) (see supplementary fig. S1 , Supplementary Material online for the specific lines used) and used the Bam-GAL4 driver to induce KD in the testes. All lines reported here showed at least partial KD by RT-PCR as described below. To assess male fertility, we paired seven KD or control males with five Canton S females for 24 h. Males were then removed, and females were returned to the same vial for 72 additional hours of egg-laying. Females were then discarded, and the resulting progeny were counted. We included two replicate vials for each gene and report the mean number of progeny for each gene as a proportion of the progeny counts for genetically matched control males assayed simultaneously. Clearly, this screen is a blunt instrument for identifying genes with the most major effects on fertility; several other genes appeared to cause slightly attenuated fertility (supplementary fig. S1 , Supplementary Material online), but these effects require more careful screening and quantification.
Flies and RNA Interference for Goddard and Saturn
We used first (GD)-and second (KK)-generation RNAi lines from the Vienna Drosophila RNAi Center (VDRC) to knock down goddard (CG13477) and saturn (CG32141) expression in the testes. We used GD stocks 38677 (goddard) and 41107 and 41108 (saturn), and KK stocks 109920 (goddard) and 105447 (saturn). GD stocks contain P-element inserted UAS-RNAi sequences at random genomic locations, while KK stocks contain distinct UAS-RNAi sequences inserted at an AttP site on chromosome II. For saturn, the GD and KK lines targeted nonoverlapping regions of the gene's coding sequence, while the targeted regions were mostly overlapping for goddard (due to the gene's short length). All lines were crossed to Bam-GAL4, UAS-Dicer2 to create KD flies. Control flies were generated by crossing the chromosome II AttP line without an RNAi insert (VDRC stock 60100) to Bam-GAL4, UAS-Dicer2.
The saturn KK stock #105447 has two predicted off-targets: Spps (CG5669) and Lrr47 (CG6098). FlyAtlas data (Chintapalli et al. 2007) showed that these genes are expressed in the testes (among other locations). However, we ruled out these genes as causing any part of the saturn phenotypes described here. First, RT-PCR of these transcripts in cDNA isolated from saturn KK KD males showed no reduction of Spps, though a partial reduction of Lrr47 was observed. Second, we obtained RNAi lines that specifically targeted each gene (GD stock 45300 for Spps, and KK stock 108096 for Lrr47), confirmed KD, and tested KD males for fertility defects with the Bam-GAL4 driver as above (data not shown). No defects were found. While we conducted fertility assays on each goddard and saturn RNAi line, we selected one line (that showed strong KD and lacked off-targets) for further functional experiments: Line 41108 for saturn and line 109920 for goddard. 
Confirmation of RNAi KD
We evaluated KD using previously described procedures . Briefly, we isolated RNA from whole knockdown and control males using TRIzol (Life Technologies), performed RQ1 DNase treatment (Promega), and synthesized cDNA using the SmartScribe kit (Clontech) and oligo-dT primers (Eurofins MWG Operon). This cDNA was then used in GoTaq (Promega) PCR to assay for gene expression, while substituting genomic DNA or water for template cDNA as controls. Amplification of RpL32 served as a KD control. The amount of RNA used for DNase treatment and cDNA synthesis was standardized between samples by quantification on a Nanodrop spectrophotometer (Thermo). PCR primers were designed to cause a size difference between cDNA and genomic DNA products when possible; primers and cycling conditions are available upon request. KD and control cDNA were then used in PCR reactions to qualitatively evaluate the degree of KD, while substituting genomic DNA or water for template cDNA as controls (supplementary fig. S4 , Supplementary Material online). To facilitate comparisons of expression levels, equal amounts of KD and control cDNA were used in each reaction.
Fertility Assays
We measured male fertility by mating single pairs of KD or control males and wild-type, Canton S females. Each sex was 3-5 days old at mating. Males were removed immediately after the mating, and females were allowed to lay eggs for the next four days and then discarded. Progeny were counted by counting the number of pupal cases on the sides of the vials once all progeny had reached the pupal stage.
Sperm Motility
We evaluated sperm motility qualitatively in saturn KD and control males by performing testis squashes. Testes from 3-to 5-day old males were dissected into cold testis buffer (WhiteCooper 2004) , gently torn open with dissecting forceps, and squashed under the weight of a cover slip. Sperm motility was observed under phase contrast with a Leica SP5 microscope and images were taken using the LASAF program. An average of three images were taken every 6.45 s and were made into movies using the xyt setting in LASAF. In this qualitative assay, motility was evaluated by eye.
Sperm Production, Sperm Transfer, and Sperm Localization To produce KD males in which mature sperm had GFPlabeled nuclei, we crossed UAS-RNAi lines (KK 109920 for goddard, GD 41108 for saturn) and the AttP control line to Bam-GAL4, UAS-Dicer2 females that also carried Mst35Bb-GFP (Manier et al. 2010 ). This latter construct allowed the nuclei of late-stage spermatids and mature sperm to be visualized by fluorescence confocal microscopy on the Leica SP5 microscope. Images were captured using the LASAF program, using a Z-stack height of 1-1.5 lm and 1,024 Â 1,024 pixel resolution. Z-stack images were formatted with ImageJ, where they were compressed into a flattened image consisting of the maximum intensity of all images in the stack. The sperm cells on the flattened image were counted using the Cell Counter feature on ImageJ, utilizing color-coded tallying to prevent under and double counting.
To evaluate sperm production by saturn KD males, we dissected testes from 3-to 5-day-old KD and control males that had been aged in single-sex vials since their collection on day 0. We then counted the number of sperm in each seminal vesicle (SV). Because a few SVs were damaged during dissection, we counted on each slide the number of sperm per intact SV and report the average number of sperm per SV in each male. To evaluate sperm transfer to females, 3-to 5-day-old KD and control males were single-pair mated to Canton S females. Matings were observed, and females were flash frozen in liquid nitrogen 30 min ASM. Female reproductive tracts were then dissected, and we counted all sperm observed in the bursa, as well as any in the oviduct and the sperm storage organs. To evaluate the entry of sperm into storage and their persistence there, we performed similar single-pair mating experiments but instead froze females at 60 or 120 min ASM. Female reproductive tracts were dissected, and all sperm present in the SR (the primary sperm storage organ in D. melanogaster at this time point; Manier et al. 2010) were counted. Counting was done by hand in ImageJ as described above.
To compare sperm production and sperm in females at each time point between mates of saturn KD and control males, we performed two-sample Welch's t-tests with unequal variances. The results were equivalent when evaluated with nonparametric Mann-Whitney U tests.
Identification of Orthologs and Paralogs and Sequence Alignment
We identified orthologs of the goddard and saturn proteins from the sets of annotated proteins from the original 12 sequenced Drosophila species (Clark et al. 2007 ) by using precomputed gene group annotations (Attrill et al. 2016) and BLASTP searches. To identify unannotated orthologs in these species, and orthologs in additional species for which protein annotations are not yet available on FlyBase, we used a combination of genome-wide tblastn searches and LASTZand Exonerate-based analyses of the syntenic regions (Slater and Birney 2005; Harris 2007 ). Since both saturn and goddard reside within a large intron of a conserved gene (nuclear fallout and omega, respectively), these genes were used to identify syntenic regions.
Orthologous and paralogous protein sequences were aligned with the T-COFFEE algorithm (Notredame et al. 2000) . Alignments were visualized in MEGA 6 (Tamura et al. 2013 ) and refined by eye. DNA alignments of proteincoding sequences were obtained by back-translating the Goddard and Saturn Genes . doi:10.1093/molbev/msx057 MBE protein alignments using PAL2NAL (Suyama et al. 2006) . Phylogenetic trees were constructed with RAxML version 8 using the Gtrcat model of evolution (Stamatakis 2014) . To resolve the timing of the saturn gene duplication event, we also constructed a protein tree using the orthologs and paralogs found in the original set of sequenced Drosophila species. For this tree, we used only the N-terminal portion of the saturn protein (amino acids 1-105 in D. melanogaster), since the C-terminal portion could not be confidently aligned. We obtained equivalent results when analyzing the data with the programs Muscle version 6 (Edgar 2004 ) and PHYLIP version 3.695 (Felsentein 2005) .
Bioinformatic Analysis of Saturn and Goddard Proteins
We used the IUPred short algorithm to predict intrinsic disorder in the D. melanogaster protein sequences based on the frequency of disorder-promoting amino acids (Dosztanyi et al. 2005) . As a measurement of folding potential, we employed Seq-HCA, which analyzes clusters of hydrophobic amino acids (Faure and Callebaut 2013) . We compared predicted hydrophobic clusters in saturn and goddard with a database of hydrophobic clusters from well-established globular proteins to assess possible differences in folding patterns, as previously described (Bitard-Feildel et al. 2015) . We also calculated the hexamer score for goddard and saturn using CPAT (Wang et al. 2013) . Hexamer score was developed to distinguish coding from noncoding sequences (Fickett and Tung 1992) . Accordingly, a difference in hexamer score between saturn and goddard and other protein coding genes would support the evolution of these genes from noncoding sequence. To make such comparisons, we also calculated the hexamer score, disorder content, and HCA for all D. melanogaster protein-coding genes as annotated in FlyBase (release 6.12), using only the longest isoform of each gene. We used the JPred4 web server for secondary structure prediction (Drozdetskiy et al. 2015) and TMHMM version 2.0c (Krogh et al. 2001 ) to predict potential transmembrane domains.
Tests for Adaptive Evolution
We used the back-translated cDNA alignments and phylogenetic trees to test for adaptive evolution using the codeml program in the PAML package (Yang 2007) . For each gene, we tested for selection in two groups: The melanogaster group, which contained 16 species for goddard and 15 species for saturn (the latter due to difficulty in aligning the D. kikkawai ortholog), and a nested set of species, the melanogaster subgroup, which contained six species. Within each group, we estimated the whole-gene d N /d S ratio (x) using model M0 and tested for specific sites under selection using the PAML sites tests that compared model M8, which allows a class of positively selected sites, to null models M7 and M8a, which do not allow for positive selection (Yang et al. 2000; Swanson et al. 2003) . If Model M8 was a significantly better fit to the data than the null models, Bayes Empirical Bayes (BEB) analysis was used to infer sites likely to be under positive selection. Finally, when testing saturn, we could confidently align the full-length protein in only the melanogaster subgroup, due to rapid divergence and indel variation in the C terminus. Therefore, we also partitioned the sequence alignment after amino acid position 105 in D. melanogaster and tested the Nterminus only in both the melanogaster subgroup and group, and the C-terminus only in just the melanogaster subgroup. 
Gene Expression
We tested for conservation of gene expression patterns of the identified orthologs and paralogs in a variety of species using previously described methods Sirot et al. 2014) . We tested for expression of both genes in D. ananassae and D. ficusphila, as divergent members of the melanogaster group. Additionally, we tested goddard expression in D. pseudoobscura, and saturn expression in D. virilis and D. mojavensis. RNA was isolated, and cDNA synthesized, from whole males and whole females as described above.
To determine whether saturn paralogs in D. virilis and D. mojavensis showed conservation of testis-specific expression, we dissected testes from eight to nine males of each species and used the testes-lacking carcasses for RNA isolation and RT-PCR as above. We ensured that other dissected male reproductive organs (e.g., accessory glands, ejaculatory bulbs, and ducts) were included with the carcasses. We used the same samples to test the expression of the D. virilis and D. mojavensis ORFs found in the goddard syntenic region.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
